Study design: Determination of functional and biochemical parameters as well as the effect of specific therapies on these parameters, in the experimental model of neurotrauma in rabbits. Objective: To assess the effect of indomethacin (0.1-3.0 mg/kg for 9 days), a potent inhibitor of endogenous prostaglandin synthesis, on the motor activity and on the spinal cord tissue concentration of free palmitic, stearic, oleic, arachidonic and docosahexaenoic acids in an experimental model of a spinal cord injury in rabbits. Setting: Faculty of Medicine, University of Rijeka, Croatia. Methods: The animals were randomly divided into nine experimental groups, four sham and/ or vehicle-treated and five indomethacin-treated (including one sham-operated and four injured groups). Laminectomy was followed by contusion of the spinal cord, using a modification of the technique of Albin. Motor activity was controlled daily during the course of the next nine postoperation days and scored using Tarlov's system. Spinal cord samples from the impact injury site were taken and frozen in liquid nitrogen. Total lipids were isolated and purified by a modification of the method of Folch. Free fatty acids (FFAs) were separated from the total lipid extract by preparative thin-layer chromatography, converted to the corresponding methyl esters and identified using gas chromatography, using nonadecanoic acid as the internal standard. Results: The concentrations of all analysed free fatty acids were increased in the spinal cord after neurotrauma, in comparison to control tissues. Treatment of injured rabbits with indomethacin resulted in a significant decrease in spinal cord FFAs and exerted a positive effect on neurotrauma-induced motor impairment. Conclusion: These results indicate a mechanism whereby indomethacin protects rabbits from the sequellae of neuronal damage caused by trauma, and suggests that it may be beneficial in the therapy of neurotrauma.
Introduction
Spinal cord trauma is a serious disabling disease in the young and middle age population. Understanding the molecular mechanism of pathophysiology involved in nervous tissue damage opens up new research possibilities and may lead to the discovery of efficient therapies.
Major factors contributing to secondary tissue damage include release of neurochemicals, impairment of the microcirculation and its permeability and the formation of oedema. 1, 2 It seems likely that these phenomena are interrelated in a complex way and that an early modification of any of these factors might influence the others. 2 With the exception of injuries that cause lacerations of the spinal cord, the primary tissue damage that occurs at the time of injury is minor when compared to secondary damage that develops over the next 48 h. 3 The period after injury can be divided into three different therapeutic windows: biochemical and vascular events, starting at the time of injury and continuing for up to 48 h; the influx of inflammatory cells, starting within hours of injury and peaking 4 days after injury and axonal regeneration and lesion repair from 1 week after injury.
Release of free fatty acids (FFAs), due to the activation of membrane phospholipases (PL) and lipases, [4] [5] [6] is one of the first pathophysiological events that follows primary trauma to the spinal cord, independently of the type of injury. [7] [8] [9] [10] FFAs are the components of membrane phospholipids, having an important role in maintaining the structure and functions of the cell membranes. Severe impact spinal cord injury results in decreased total phospholipid content for up to 3 days following injury, 9 but no major class of phospholipids is selectively hydrolysed. [7] [8] [9] 11 Impact injury to the spinal cord is associated with a biphasic increase in FFA level in spinal cord tissue. 9 The first increase, observed within 5 min of spinal cord trauma, is followed by a decline 30 min after the injury. The second increase, appearing 1 h after spinal cord trauma, is more persistent. It peaks 24 h post trauma and declines over the following 6 days. 9 Free arachidonic acid (AA, 20:4), due to the specific phospholipid composition of neurons, was reported to be the primary fatty acid released as a result of injurymediated tissue damage. 12 Phospholipase A 2 (PLA 2 ) and C are most likely to be responsible for liberation of FFAs from sn-1 and sn-2 positions, usually occupied by unsaturated fatty acids. 7,9,13,14 Murphy et al 12 proposed the hypothesis that the release of FFAs, in particular AA, may not always involve general membrane degradation but rather an upregulation and/or overstimulation of PLA 2 -linked membrane receptors.
FFAs, and AA in particular, may lead to secondary damage to spinal cord neurons by inducing oxidative stress or increasing intracellular calcium level. 15 Additionally, AA plays a significant role in the cell trauma by being a precursor for prostaglandin and leukotriene synthesis. 16 It has been reported that experimental spinal cord injury in rabbits induces significant production of leukotrienes that can further contribute to secondary central nervous system injury. 17 Prostaglandins, on the other hand, may play an important role in the complex biochemical mechanisms occurring in the early period after spinal cord trauma leading to vascular permeability and oedema formation. 18 Their increased presence in the spinal cord injury has been repeatedly reported. [19] [20] [21] [22] [23] Acute inflammation following spinal cord injury results in secondary injury and pathological reorganisation of the nervous tissue architecture. Cyclo-oxygenases (COX) are key enzymes in the conversion of AA into prostanoids, which mediate immunomodulation, mitogenesis, apoptosis, blood flow, secondary injury (lipid peroxidation) and inflammation. Increased numbers of COX-1-positive cells have been found in the perivascular space and at the lesion site after spinal cord injury. Maximal cellular COX-1 expression in the perivascular space was observed on day 3. The maximal response at the site of the lesion was detected on the 7th day. Increased activation of COX-1-positive cells was detected in both regions up to the end of the observation period (day 28). 24 Indomethacin, an anti-inflammatory drug, inhibits prostaglandin synthesis by the inactivation of both the inducible and the constitutive forms of COX. 15 The aim of this study was to evaluate the effect of indomethacin on the motor activity and the level of spinal cord FFAs, especially free AA, in an experimental model of spinal cord impact injury in rabbits.
Materials and methods

Animals
The study was carried out on adult rabbits, weighing 2.5-3.5 kg. Animals were maintained on a 12 h lightdark cycle and allowed free access to food and water. All experiments were performed between 10:00 and 12:00 hours in a silent room at a temperature of 22-241C. The Faculty ethical committee approved all animal use procedures.
The animals were randomly divided into nine experimental groups (n ¼ 6): Control SHAM (rabbits that were laminectomised, but without spinal cord injury), Control INJURY (laminectomized rabbits with spinal cord injury), Control SHAM-VEH (rabbits that were laminectomy, but without spinal cord injury, vehicletreated), Control INJURY-VEH (laminectomized rabbits with spinal cord injury, vehicle-treated) and five groups of rabbits that were treated with indomethacin, one sham-operated group treated with 3.0 mg/kg and four injured groups treated with 0.1-3.0 mg/kg indomethacin (Table 1 ).
In animals, medial dorsal lumbar laminectomy was performed under pentobarbital sodium anaesthesia (30 mg/kg intravenously (i.v.)). The vertebral column was exposed in the upper lumbar region and a one- 
Effect of indomethacin on motor activity and fatty acid content R Pantović et al segment laminectomy was performed at the level of the second lumbar vertebrae (L 2). In some animals, laminectomy was followed by contusion of the spinal cord, provoked by a strike of 150 g cm using a modification of the technique of Albin et al. 25 Namely, a tapered weight weighing 12.5 g was dropped from a height of 120 mm onto the exposed spinal cord, striking the latter with a force of 150 g cm. After controlled spinal cord injury, the wound was closed by suturing the muscle and the skin. Each traumatised animal received 500 000 IU of benzyl penicillin, was individually housed and its bladder emptied by manual compression daily.
After this operation, hind limb motor activity was controlled daily over the course of the next 9 postoperating days and scored in accordance with Tarlov's system. The measures were performed blindly. Hind limb function was graded using a five-point ordinal scale as follows: 1 ¼ complete paralysis; 2 ¼ minimal functional movement; 3 ¼ movement of legs, does not support weight; 4 ¼ hopping, partialy impaired; 5 ¼ normal motor function.
Rabbits were monitored for 9 postoperative days due to the fact that a spinal shock lasts for 5-7 days. 26 At the end of the experiment, on the 9th postoperation day, animals were killed, the spinal cord was traversed and removed from the spinal canal, and, as soon as possible frozen in liquid nitrogen and prepared at À841C for the further analysis.
Drug treatment
Animals in Control groups SHAM and SHAM-VEH were drug-naive. Other rabbits with and without spinal cord injury were assigned randomly to treatment as follows: Controls SHAM-VEH and INJURY-VEH received vehicle (3 ml/kg of ethanol and water mixture 1:10, v/v), whereas other treated rabbits were given indomethacin in four different doses (0.1, 0.3, 1.0 or 3.0 mg/kg per day of treatment) ( Figure 1 ). Vehicle or indomethacin was administered i.v. immediately after operation and daily during the 8 postoperational days.
Free fatty acids Total lipids were extracted from spinal cord tissue using a modification of the method of Folch. 27 The frozen samples were weighed and homogenised in 10 ml of a chlorophorm/methanol (2:1, v/v) mixture. Nonadecanoic acid (C19:0) was added as an internal standard to all samples and the antioxidant butylated hydroxy toluene (BHT) was added at 50 mg/l in all solvents. Homogenates were left overnight in the cold room at 41C. After filtration, 2 ml of 0.034% MgCl 2 aqueous solution was added. The mixture was well mixed and left in the cold room at 41C overnight. Water and organic phases were separated and the lower, organic phase was evaporated to dryness under N 2 gas. Total lipids were dissolved in 1 ml of the chloroform/methanol (2:1, v/v) mixture.
The FFAs were separated by preparative thin-layer chromatography using the following developing solvents: petroleum ether/ether/acetic acid (97:3:1, v/v/v) and petroleum ether/ether/acetic acid (80:20:1, v/v/v). Streaks on thin-layer plates were detected under a UV lamp and scraped off. FFA methyl esters were prepared by methylation with BF 3 -methanol (3.0 ml, 14% w/w) mixture (90 min, 1001C), water was added and the mixture was extracted with petroleum ether and quantified by gas chromatography using an internal standard.
Fatty acid gas chromatography analysis was performed on the Perkin-Elmer, Model 8410 gas chromatograph with an FID detector using a metal column (diameter 1/2 in, length 3 m) packed with 10% FFAP on Chromosorb W. H P. 80-100 mesh.
Statistical analysis
Values are expressed as means7SEM of six rabbits. Analyses of variance (ANOVA) were performed at the Pp0.05 level to compare results between different treatments. The post hoc Tukey HSD test was used.
Results
Effect of spinal cord injury
Untreated, sham-operated rabbits (Control SHAM; laminectomy, without spinal cord injury) and the similar group of animals treated with vehicle (Control SHAM-VEH) exhibited mild and temporary disturbances in movement of their hind legs on the first and second postoperative days. These symptoms completely disappeared on the 3rd postoperative day (Figure 2) . Spinal cord trauma of 150 g cm produced motor paralysis. As a result, a statistically significant difference during the whole testing period was observed between untreated, sham-operated rabbits (Control SHAM) and untreated rabbits with spinal cord trauma (Control INJURY). Similarly, Control SHAM-VEH (vehicle-treated laminectomised rabbits) differed significantly in motor activity from vehicle-treated rabbits with spinal cord injury (Control INJURY-VEH) during the whole testing period. 
Discussion
In this study, as expected, spinal cord injury resulted in motor disturbances and accumulation of FFAs at the site of injury. The data correlate well with earlier published reports. [7] [8] [9] 12, [28] [29] [30] Loss or decrease of motor activity is the most prominent and the most functionally relevant result of the spinal cord injury. 31 Motor disturbances observed in the rabbits that experienced trauma in response to the force of 150 g cm were not the result of the laminectomy procedure. The symptoms of the injured animals differed significantly from the mild and temporary symptoms observed in the group that was only laminectomized.
Following impact trauma, the spinal cord undergoes a progressive series of autodestructive pathological changes. 7, 8, 32 A significant loss of motor function occurs in severe cases as a result of haemorrhagic necrosis of central grey matter that begins within minutes of the injury. The degeneration of long tracts of the white matter is evident within 24-36 h. A very likely site of post-traumatic molecular damage is the cell membrane that undergoes marked alterations of integrity and function. 7, 8 Demediuk et al, 9 who followed the 7 day postinjury period, discovered that traumatic spinal cord injury results in early, transient, postinjury membrane phospholipid hydrolysis, the magnitude of which is relatively independent of the severity of injury. In the second wave, more delayed and sustained lipid hydrolysis occurs, the magnitude of which is related to the severity of injury. 9 The changes in lipid metabolism may play an important role in the delayed secondary tissue damage. 9 Murphy et al 12 reported a significant elevation of free AA during the early postinjury period, reaching a 20-fold increase after 24 h. Under our experimental conditions, samples were taken 9 days after injury and we still observed a six-fold increase in free AA.
14 This is in line with the gradual spontaneous wound-healing process that follows spinal cord injury and has been reported by other authors.
9,30
Vehicle administration did not influence motor activity. However, it increased levels of FFAs in the examined segment of the spinal cord, both in the control, laminectomised animals, and in the animals with spinal cord injury. An explanation could be found in its ethanol content. Both acute and chronic administration of ethanol induces functional changes in neuronal membranes. 32 Chronic ethanol exposure is known to affect deacylation-reacylation of membrane phospholipids. It leads to a progressive increase in membrane PLA 2 activity and changes in the fatty acid composition of membrane phospholipids. 32 Our findings are in an agreement with the work of Halt et al 33 who found higher levels of FFAs after spinal cord injury associated with acute alcohol intoxication.
Indomethacin, a nonsteroidal antiinflammatory drug, has several known pharmacological actions. Being an inhibitor of COX, it inhibits formation of prostaglandins and thromboxanes. 34 Several reports have been published on indomethacin as a PLA 2 inhibitor in human neutrophils, 34, 35 but the expected decrease in AA release has never been observed in humans. 34 Recent reports have shown that indomethacin inhibits proteinases, in particular cathepsin B and calpain, and attenuates degradation of basic myelin and neurofilament proteins in the spinal cord. 36 Additionally, indomethacin reduces cerebral blood flow by preventing the formation of cerebral vasodilating prostaglandins, inducing hyperventilation and vasoconstriction of cerebral vessels. Indomethacin treatment of rabbits in our experiment, which were laminectomised but not traumatised, did not alter motor performance but caused an increase in the free FFA level. It has been reported that laminectomy by itself markedly perturbs lipid metabolism in the spinal cord 8, 38 and the detected 10-fold increase in free AA on day 9 in our model could be the final result of the described changes due to laminectomy and indomethacin-induced inhibition of AA COX metabolism.
According to Guven et al, 34 the administration of 3.0 mg/kg indomethacin immediately after spinal injury induced significant lipid peroxidation and led Guven et al 34 to suggest the possibility that early post-traumatic indomethacin treatment may be harmful in spinal cord injury. However, when they examined the early postinjury period, the detected changes were rather small. Later, according to other authors, more prominent changes have not been reported. 39 In our experiment, indomethacin at all tested doses improved motor activity and attenuated FFA accumulation in the injured spinal cord. Improvement of motor activity was exhibited in a dose-dependent manner, the highest dose of 3.0 mg/kg having the most pronounced effect. The lowest dose of indomethacin used, 0.1 mg/kg, successfully decreased FFA levels to the normal range, suggesting a potential protective efficacy of even lower doses of indomethacin. Efficacy in our experiment does not overrule or contradict Guven's data since we monitored the final result of tissue necrosis and wound healing 9 days after spinal cord injury. This is first time up to our knowledge that somebody has demonstrated influence of indomethacin on FFA level and cell membrane integrity in SCI model. Guth et al 35 have discovered beneficial influence of LPS and indomethacin combination on Tarlov's score in SCI in cats. Indomethacin alone was not tested. Our results are in an agreement with published data reporting that indomethacin significantly improves neurological function and reduces the severity of histopathological changes in rat experimental cord injury model. 40 Winkler et al 41 have demonstrated a beneficial effect of indomethacin on trauma-induced spinal cord evoked potential changes. Pretreatment with indomethacin attenuated the spinal cord evoked potential changes immediately after trauma and resulted in a marked reduction in oedema formation, the blood-spinal cord barrier permeability and blood flow changes at 5 h. 39 The anti-inflammatory drug eliminated spinal cord oedema in the experimental rat model of neoplastic spinal cord compression, 22, 23 as well as in the spinal cord injury rat model. 18, 41, 42 It also inhibited prostaglandin E2 production. 22, 23 Additionally, indomethacin reduced dye extravasation in paraplegic rats harbouring an epidural neoplasm and in rats with spinal cord injury. Permeability in the control groups treated with indomethacin was not changed. 2, 43 Progressive necrosis might be initiated and maintained in spinal cord injury model by inflammatory mechanisms. 44 Numerous recent papers on heterotopic ossification after spinal cord injury have demonstrated a beneficial effect of indomethacin. [45] [46] [47] In all cited publications, animals were pretreated with indomethacin, whereas in our experiment we have treated rabbits after SCI. Post-treatment could have greater relevance to clinical practice. 
Conclusion
Treatment with specific anti-inflammatory agents modulates various components of the pathological process thereby selectively attenuating neurological damage and encouraging wound healing. Indomethacin, repeatedly given during the longer post-traumatic period, demonstrated a final neuroprotective ability to regulate the dynamic balance between the destructive and reparative process. Therefore, we suggest its usage in patients who suffer spinal cord injury.
